Introduction
Barrett's esophagus (BE) is a premalignant condition in which the normal squamous epithelium of the distal esophagus undergoes metaplasia to a specialized intestinal epithelium. The presence of BE increases the risk of developing esophageal adenocarcinoma (EAC); approximately 1% of patients diagnosed with BE will progress from metaplasia to dysplasia and finally to Barrett's related EAC (1, 2) . EAC are thought to develop from BE by way of a stepwise transition through low to high grade dysplasia (HGD) . Approximately half of all patients with HGD will progress to EAC (3) . Several genetic abnormalities have been implicated in the transition from BE through HGD to EAC including microsatellite instability (4), promoter hypermethylation (5) (6) (7) (8) and altered expression of a large set of genes (reviewed by Fitzgerald) (9) . The identification of HGD by light microscopy is still considered the gold standard by which patient follow-up and treatment is coordinated. However, the morphological distinction between LGD and HGD can be challenging (10, 11) . It would be beneficial to identify novel markers that would objectively differentiate the grade of dysplasia as well as identify patients irrespective of the degree of dysplasia who are more likely to progress to EAC. To date many molecular, immunohistochemical and other markers have been evaluated, however, none reliably distinguish between LGD and HGD or serve to predict progression of dysplasia to EAC (11) .
Expressional profiling, which allows for the simultaneous examination of a large panel of genes is one method currently employed to search for novel biomarkers. DNA microarrays have been used to compare EAC, esophageal squamous cell carcinoma and BE and have identified unique gene expression profiles capable of discriminating between these entities (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) . However, only one report has attempted to discriminate the transcriptome of BE associated dysplasia compared with non-dysplastic BE (22) . Our study takes advantage of two technologies to allow for a more definitive comparison of the BE and HGD transcriptomes. One is laser capture microdissection (LCM) of HGD and BE to obtain purified populations of epithelial cells with minimal contaminating inflammatory and stromal cells. The second is the use of micriarrays specifically designed for analyzing material from formalin-fixed paraffin embedded (FFPE) archival tissue specimens. Together, these technologies have allowed us to examine epithelium-specific changes that are related to the development of dysplastic BE.
Methods

Patients and Biopsies
Archival FFPE endoscopic esophageal biopsies that had been collected for clinical purposes were obtained from the Pathology Departments of the Rhode Island and Miriam Hospitals (Providence, RI), the Oregon Health and Science University Hospital (Portland, OR) and the Massachusetts General Hospital (Boston, MA) in accordance with Institutional Review Board approvals from all hospitals. Four micron sections were cut from each paraffin block and stained by hematoxylin and eosin. The slides were reviewed by experienced gastrointestinal pathologists (MR and either CC or GL) to confirm the presence of HGD and non-dysplastic BE. For gene array analysis, suitable cases had areas of both non-dysplastic BE as well as HGD available for LCM and extraction of RNA. mRNA from a total of eleven paired biopsies was extracted for analysis on 22 microarray chips. For confirmation of representative genes of interest from the array results, additional biopsy samples from additional patients were laser captured for real time PCR and sectioned for immunohistochemistry.
Quality of RNA
Because of the potential for RNA degradation in the routinely collected and processed FFPE tissues it was important to check that the blocks contained RNA of suitable quality. Several 10μ sections were cut from each paraffin block and total RNA was extracted and purified using a Paradise Quality Assessment Kit (KIT0313, Molecular Devices, Sunnyvale, CA). Genomic DNA was removed with RNAse-Free DNAse from the same kit. RNA was evaluated by an Agilent 2100 Bioanalyser using an RNA 6000 Nano LabChip kit (Agilent Technologies, Wilmington, DE) as described previously (23) .
Laser Capture Microdissection and RNA Extraction
A Paradise FFPE Reagent System kit (KIT 0311, Molecular Devices) was used to extract and amplify RNA from laser-captured cells. In brief, 7 μ sections were air-dried, stained, dehydrated through graded alcohols and subjected to LCM within 2 h of deparaffinization. About 5000 surface epithelial cells each from areas of HGD and non-dysplastic BE were microdissected from the tissue sections and captured on LCM Macro Capsure caps (Molecular Devices) using an Autopix Automated LCM instrument (Molecular Devices). From the microdissected cells total RNA was extracted, purified and amplified through 1.5 rounds of linear amplification using T7 bacteriophage RNA polymerase-driven in vitro transcription. After first strand cDNA synthesis, quality of RNA was evaluated by real-time PCR, using primers for the 3′ and 5′ ends of β-actin. RNA was considered acceptable for analysis if the quantity of RNA was >15 ng and the 3′end: 5′end ratio for β-actin was < 10. The final amplification and labeling of the dsDNA product was done using an Enzo BioArray HighYield RNA Transcript Labeling Kit (Enzo Life Sciences, Farmingdale, NY).
Microarray Hybridization
Labeled cRNA was fragmented and then hybridized onto cDNA microarray chips customized for RNA extracted from FFPE tissues (human U133-X3P expression arrays, Affymetrix, Santa Clara, CA) at the Affymetrix Gene Chip Resource at the WM Keck Foundation Biotechnology Resource Laboratory (Yale University, New Haven, CT). These procedures have been described previously (23) 
Bioinformatics and Statistical Methods
The expression signals were normalized using the Standardization and Normalization of Microarray Data (SNOMAD) web-based software (24) . Concordantly absent expression signals were removed from the analysis. Statistical comparison of the gene expression levels between the two groups (HGD versus ND) was done using the Wilcoxon Matched-Pairs Signed-Ranks test using the SPSS statistical package for Windows (version 16.0, SPSS Inc., Chicago). In order to correct for the multiple hypotheses testing effect, q values were also calculated using the R open source statistical program with the q-value package (Bioconductor Software Project, Cambridge, MA). Gene annotation for classification of the genes in functional categories was done using the GenMAPP 2.0 (Gene MicroArray Pathway Profiler, Gladstone Institutes, 2000-2004, CA) and the web-based Database for Annotation, Visualization and Integrated Discovery (DAVID) 1 (25) . The overall correlation of the fold changes between the Affymetrix chip and the PCR results was tested using the Spearman's coefficient of correlation. Two-tailed p values of 0.05 or less were considered to be statistically significant.
Confirmation of Microarray Results by Real-time PCR
Several genes of interest expressed at a >2.5-fold difference between non-dysplastic BE epithelium and HGD epithelium were selected for confirmation. CDNAs retained for gene of interest confirmation purposes were analyzed by real-time (RT)-PCR to verify the result from gene chip analysis. RT-PCR was performed on the 11 different paired samples per gene. Results were further confirmed by analysis of 17 new cases, eight of non-dysplastic BE and nine HGD. Whenever possible, gene-specific primers for RT-PCR were designed to span an intron (to rule out artefacts from genomic DNA contamination) and to amplify about 100 bp from within 400 bases of the 3′ end of the gene because the Paradise kit employs oligo dT priming for first strand synthesis and formalin-fixed RNA is often fragmented to < 400 bases. Primers were designed using Primer3 shareware (26) and synthesized by Operon Technologies (Huntsville, AL). RT-PCR was accomplished on an MX4000 real-time instrument (Stratagene, Cedar Creek, TX) using Brilliant SYBR Green Master Mix reagents (Stratagene) according to the manufacturer's instructions. In parallel to measuring expression of genes of interest, reactions were performed using primers for the 3′ end of the human β-actin gene, to which all data was then normalized. Amplification conditions yielded efficiencies greater than 90% and linear regression coefficients >0.990. β-actin was amplified from serial 10x dilutions of cDNA reverse transcribed from Stratagene Reference RNA and values were used to construct a calibration curve for each PCR run to relate the threshold cycle to the log input amount of template used and to determine relative amounts of gene transcripts. The sequence of each primer pair and the amplicon size are listed in Table 1 .Thermocycling was carried out for 45 cycles, with denaturation at 95°C for 30 seconds, annealing for 1 min at 57°C, and extension at 72°C for 30 sec. All samples were run in duplicate. A dissociation temperature gradient was included at the end of each run to confirm absence of high molecular weight DNA and primer dimers.
Immunohistochemistry
Immunohistochemical analysis was performed on 12 additional biopsy samples from different patients with either non-dysplastic BE, HGD or adenocarcinoma and 11 samples of biopsies with low grade dysplasia (LGD). Topoisomerase IIα staining was performed using a mAB (NeoMarkers, Freemont, CA) and lipocalin-2 a rat polyclonal Ab (R&D Systems, Minneapolis, MN). Antigen retrieval was performed by microwaving in citrate buffer pH6.0 for 10 minutes. Slides were blocked using Peroxidase-Blocking Reagent (Dako Corp., Carpinteria, CA). Primary antibody was diluted at 1:50 and incubated overnight at 4°C for topoisomerase IIα and diluted at 1:1000 and incubated overnight at 4°C for lipocalin-2. For topoisomerase IIα the Ab was detected using the Dako EnVision + Dual Link System Peroxidase (Dako) and the chromogen was developed using Dako Liquid DAB+ Substrate System. For lipocalin-2 the secondary Ab biotinylated anti-rat by Vector (Vector, Burlingame, CA) was incubated for 30 minutes. The Ab was detected using the VECTASTAIN ABC kit and the chromogen was developed using Dako Liquid DAB+ Substrate System. Immunohistochemistry for the pS2 mAb which recognizes TFF-1 (Zymed, Carlsbad, CA) and the S100A9 mAb (Novus Biologicals, Littleton, CO), was performed on the Ventana Discovery System (Ventana, Tucson AZ) using CC1 antigen retrieval. Ab dilutions were 1:25 and 1:100 respectively. The antibodies were developed using the DAB MAP kit (Ventana). The slides were counterstained using hematoxylin, dehydrated and coverslipped.
Positive controls included normal squamous mucosa which stains strongly for both lipocalin-2 and S100A9, normal gastric cardia which stains strongly for TFF-1, and basal cells of squamous mucosa and glandular crypt cells which stain for topoisomerase IIα. We used the following scoring system based on the extent of staining of the superficial aspects of the non-dysplastic and dysplastic BE mucosa and adenocarcinoma. Negative to weak staining; 0-10% staining = 1, moderate; 10-50% = 2, and strong; 50-100% = 3. The association between the diagnostic categories (NDBE, LGD, HGD, ADCA) and the immunohistochemical staining binarized scores (negative to low versus moderate to high), were tested using the Chi square test. Twotailed p values of 0.05 or less were considered to be statistically significant.
Results
Expression Array Analysis of Dysregulated Epithelial Genes in Barrett's Esophagus High Grade Dysplasia
After removing the concordantly absent microarray signals, 7990 transcripts decreased and 14,562 increased in the HGD group as compared to the non-dysplastic BE group. Applying a statistical threshold of p<0.05 and q<1 led to a final list of 147 genes of interest .Multiple gene function categories were represented in this list of differentially expressed genes including genes involved in calcium binding and ion channels, cell adhesion, motility and membrane proteins, cell proliferation and cell death, extracellular matrix and protease, metabolism and mitochondria and others ( Figure 1 ). A list of the147 genes divided into these categories as well as a full list of all differentially expressed genes and their expressed signals are available as supplementary data (see addendum Tables A and B respectively).
Confirmation of Selected Genes by RT-PCR
Real-time quantitative PCR was used to verify changes in those genes whose expression according to the microarray analysis showed the greatest differential expression between nondysplastic BE and HGD (16 upregulated and 11 downregulated), ( Table 2) . One other gene (S100A9) of potential interest as an immunohistochemical marker of BE associated dysplasia was also evaluated. For this study, certain genes were excluded if they were from uncharacterized or partially characterized proteins or if they were not previously shown to be expressed by epithelial cells based on our search of the current literature in the National Library of Medicine PubMed database 2 . In the vast majority of genes tested (24 of 28) there was agreement in terms of increase or decrease between microarray data and the RT-PCR data (Figure 2 ). In the case of testisin, osteoglycin, sucrase-isomaltase and the t(12;16) fusion gene FUS..CHOP, the amplification signal was very low (either not detected at all or only detected in some of the tissue samples).
Confirmation of Selected Genes by Immunohistochemistry
Immunohistochemical analysis was performed on three proteins, topoisomerase IIα, S100A9, and lipocalin-2 whose expression was shown to be greatly increased by microarray analysis in HGD epithelium and one protein, trefoil factor 1 (TFF-1), whose expression was decreased in areas of HGD. Staining was performed on 12 sections of non-dysplastic BE, HGD and adenocarcinoma and 11 sections of LGD, all from additional patient samples not used for the microchip analysis. Topoisomerase IIα strongly stained the nuclei of the luminal surface epithelial cells from areas of HGD ( Figure 3A ). Five HGD cases exhibited a strong staining pattern (over 50% of nuclei stained) and seven a moderate (10-50%) staining pattern ( Figure  4 ). In the biopsies of non-dysplastic BE occasional nuclear staining was evident in the proliferative crypt region varying in numbers from 10-40% of the crypt nuclei, however, only rare (<1%) surface epithelial staining was identified ( Figure 3B ). The extent of staining of the low grade cases was intermediate as compared to the control cases whereas there was no significant difference between staining of the HGD cases and the adenocarcinoma cases ( Figure  4 ).
The pattern of S100A9 staining was both nuclear and cytoplasmic. Of the 12 cases of HGD examined, moderate staining was seen in five cases, however, the extent of staining was patchy involving between 10-50% of the dysplastic epithelium. (Figure 3C, Figure 4 ). Seven other cases of HGD exhibited negative to focal weak staining pattern. S100A9 staining was also seen in lamina propria inflammatory cells ( Figure 3C ). None of the non-dysplastic BE epithelium exhibited staining for S100A9 ( Figure 3D ). The extent of staining of the LGD was no different than the HGD cases, however, significantly more staining was seen in adenocarcinomas than the HGD (Figure 4 ).
Similar to the S100A9 staining pattern, staining of the dysplastic epithelium with lipocalin-2 was variable. Moderate to strong cytoplasmic staining was seen in seven of twelve cases examined ( Figure 3E, Figure 4) , however, the staining was negative to focal in the five remaining cases. Eleven of the twelve non-dysplastic BE were negative for lipocalin-2 ( Figure  3F, Figure 4 ). There were no significant differences between the extent of staining of the HGD and the LGD or adenocarcinoma cases. Eleven of the twelve HGD biopsies were negative for TFF-1 ( Figure 3G, Figure 4 ), whereas one case exhibited strong diffuse cytoplasmic staining pattern. All of the non-dysplastic BE epithelium tested demonstrated strong diffuse cytoplasmic staining for TFF-1 ( Figure 3H, Figure 4 ). The extent of staining of the HGD cases was significantly different than the LGD but not different than the adenocarcinomas ( Figure  4 ).
Discussion
Identifying genes differentially expressed in BE without dysplasia from those expressed in BE with HGD should be of value in improving our understanding of this transition, and genes might might also prove to be of diagnostic and of prognostic utility. Screening for biomarkers using cDNA microarray expression technologies is a powerful means to obtain a genome wide assessment of differential gene expression. Although a number of cDNA microarray studies have been conducted comparing the differential gene expression of esophageal adenocarcinomas to normal esophageal mucosa or to non-dysplastic BE (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) only one other microarray study specifically compared gene expression of BE with HGD to non-dysplastic BE mucosa (22) . The study by Bax et al examined the expression profile of paired whole biopsy (as opposed to LCM epithelium) samples of HGD and non-dysplastic BE from only one patient although the expression of upregulated genes was confirmed in additional patient samples. Other than being the second study to specifically compare the transcriptome of HGD to nondysplastic BE, our study is the first to utilize LCM in order to concentrate on genes expressed only by the neoplastic epithelium and the only study to utilize FFPE tissues for this purpose.
Using a 2.5 fold threshold we identified a total of 131 upregulated and 16 downregulated genes in HGD epithelium and verified a number of these dysregulated genes by RT-PCR on the original biopsy material and additional tissue samples. The correlation between the chip and RT-PCR was excellent confirming that this technology is a viable application for future biomarker discovery. Since T7 bacteriophage RNA polymerase-driven linear amplification of RNA was used for the chip analysis, it is not surprising that the absolute fold values did not agree completely between the gene microarray data and the follow-up RT-PCR studies. Just four dysregulated genes could not be confirmed, probably because they were expressed at levels below detection in some of our FFPE tissues.
Our study identified a number of genes previously described as being modified in the progression of BE through EAC as well as several novel genes. Bax et al also reported that expression of the calcium binding protein S100A9 (calgranulin B) was consistently upregulated in HGD (22) . S100A9 is expressed by neutrophils and monocytes and is thought to be involved in chemotaxis (27) , however, it has also has been shown to be expressed by certain epithelial cells where its function has been linked to cell proliferation (28) . Four genes, two of which were upregulated -(ADAMTS12 and pleckstrin homology-like family domain A) and two downregulated -(sucrose isomaltase and fatty acid binding protein 1), were also identified by Helm et al as candidate gene predictors of progression to EAC in BE (19) . Both collagenase (MMP1) and metalloelastase (MMP12) have been shown to be upregulated in the epithelium of BE associated adenocarcinoma, however, a component of this increased expression may be related to macrophages and other inflammatory cells (29) . Several additional genes that we found to be downregulated in HGD -(TFF-1, MUC5AC, meprin A, CD13 and sucrose isomaltase) were also found by others to be decreased in BE associated neoplasia (22, (30) (31) (32) (33) . MUC5AC is a gastric type mucin expressed by non-dysplastic BE epithelium (31) whose expression pattern has been shown to be altered during neoplastic progression (33) . The trefoil protein TFF-1 which is thought to play a role as a tumor suppressor gene in gastric carcinoma has been shown by Fox et al to be lost late in the progression of BE to EAC (32) and was decreased in HGD in the study by Bax (22) . Meprin A is a protease known to cleave extracellular matrix components in vitro, and thus may contribute to tumor progression by facilitating migration, intravasation, and metastasis of carcinoma cells (30) . Interestingly in our study and in the study by Fox et al (32) meprin A was shown to be downregulated in EAC, suggesting this protease may be involved in processes other then extracellular matrix degradation in BE associated neoplastic progression. Finally, Fox et al also described decrease expression of the microsomal aminopeptidase CD13 and the enzyme sucrose isomaltase in EAC as compared to non-dysplastic BE (32) .
One goal of our study was to identify potential immunohistochemical biomarkers for HGD which would be suitable for use on endoscopic FFPE biopsy material. Commercial antibodies developed for FFPE tissue were available for three proteins that we found to be highly upregulated in HGD and one downregulated protein. Topoisomerase IIα is an enzyme required for DNA replication which has been previously shown to be increased in gastrointestinal cancers (stomach, colon and esophagus) (34-36) however, its expression has not been studied in BE or BE associated dysplasia. Here we show that topoisomerase IIα mRNA expression was increased 12 fold in regions of HGD. By immunohistochemistry topoisomerase IIα nuclear staining extended from the proliferative region up to the surface dysplastic epithelial cells in cases of both LGD and HGD in a pattern similar to that described for the proliferative marker Ki-67 (37, 38) . It remains to be seen whether topoisomerase staining will be superior to Ki-67 in differentiating LGD from HGD, or BE with reactive changes from dysplasia, as well as whether it predicts progression of dysplasia to adenocarcinoma. Lipocalin-2 is a cell survival factor (39) which has been shown to be upregulated in pancreatic, breast and ovarian cancer (40) (41) (42) and more recently in gastric cancer (43) and esophageal squamous carcinoma (44) . It is expressed both by epithelial cells and inflammatory cells primarily neutrophils. The extent of immunohistochemical staining for both lipocalin-2 and S100-A9 in the HGD biopsies sampled was patchier than that observed for topoisomerase suggesting that these two proteins may be less useful as markers of HGD. Interestingly, the extent of staining of S100-A9 was greater in the adenocarcinomas than in the HGD cases suggesting that this protein may be used as a marker for progression. Loss of staining for TFF-1 was seen in the majority of HGD biopsy tested and albeit a negative marker suggests that TFF-1 may be useful in the diagnosis of HGD in challenging cases. Loss of TFF-1 was also seen in about half of the cases of LGD suggesting that this is an early event in neoplastic progression of BE to adenocarcinoma. Based on this limited study it appears that only topoisomerase IIα may be useful in differentiating HGD from LGD, however, we are planning to extend this pilot study to include additional cases and also examine whether any of these markers are capable of predicting progression of BE with or without dysplasia to adenocarcinoma.
We identified a number of potential biomarkers for HGD for which antibodies suitable for FFPE tissues do not as yet exist. Secernin expression was highly increased in HGD has been recently shown to be upregulated in gastric cancer (45) . Gastrointestinal glutathione peroxidase (GPx2) is highly expressed in the proliferative area of the intestinal crypt (46) and upregulated during the development of colon cancer (47) and has been recently been shown to be expressed by BE (48) , however, nothing is known about its expression in BE associated dysplasia or adenocarcinoma. Glial cell line derived neurotrophic factor (GCDNF) receptor is a ligand for a polypeptide which promotes neuronal survival has also been shown to be upregulated in bile duct and pancreatic carcinomas (49, 50) . Hydroxyprostaglandin dehydrogenase 15 (HPGD) which was downregulated in HGD as opposed to non-dysplastic BE mucosa is a putative tumor suppressor in lung carcinoma which may act by decreasing the levels of proliferative prostaglandin E2 (51) .
In summary, we have shown that with careful selection of tissue blocks and attention to ensuring a high quality of extracted RNA it is possible to uncover the global gene expression profile of esophageal epithelial cells from FFPE archival tissue. Recent studies have shown that similar techniques have been successfully performed on breast, gastric, colonic, and prostatic epithelium suggesting that this methodology is a powerful means for screening of new biomarkers (23, (52) (53) (54) . As pathologists our primary goal was to identify candidates for the generation of immunohistochemical reagents as immunohistochemistry is available in all pathology departments and all pathologists are quite comfortable with the technique. Theoretically real-time PCR could be used as an adjunct technique on morphologically equivocal cases, however, this would probably require laser capture microdissection, a technique that is quite labor intensive and not universally available in most pathology departments.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Confirmation of the expression levels of selected dysregulated genes by RT-PCR and correlation with microarray data. Immunohistochemical analysis of select proteins in biopsies of high grade dysplasia and nondysplastic BE. All magnifications at 200x. 3A. Strong nuclear staining of surface dysplastic epithelium with topoisomerase IIα. 3B. Nuclear staining seen only in the crypt region of nondysplastic BE with topoisomerase IIα. 3C. Patchy staining of dysplastic epithelium with S100A9. 3D. Negative staining of non-dysplastic BE with S100A9. 3E. Strong cytoplasmic staining of dysplastic epithelium with lipocalin-2. 3F. Negative staining of non-dysplastic BE with lipocalin-2. 3G. Negative staining of dysplastic epithelium with trefoil factor 1. 3H. Strong, diffuse staining of non-dysplastic BE with trefoil factor 1. 
